In this study, amorphous matrix composites, whose matrix was a Zr-based amorphous alloy and reinforcements were tungsten continuous fibers or porous foams, were fabricated by the liquid pressing process, and their dynamic compressive properties were investigated. Approximately 65 to 69 vol pct of tungsten fibers or foams were distributed homogeneously in the amorphous matrix, whereas defects such as misinfiltration or pores were eliminated. According to the dynamic compressive test results of the tungsten-fiber-reinforced composite, tungsten fibers worked to withstand a considerable amount of applied loads, whereas the amorphous matrix sustains bent or bucked fibers, thereby leading to the maximum strength of 3328 MPa and the plastic strain of 2.6 pct. In the tungsten-foam-reinforced composite, the compressive stress continued to increase according to the work hardening after the yielding, thereby leading to the maximum strength of 3458 MPa and the plastic strain of 20.6 pct. This dramatic increase in maximum strength and plastic strain was attributed to the simultaneous and homogeneous deformation at tungsten foams and amorphous matrix because tungsten foams did not show anisotropy and tungsten/matrix interfaces were excellent. These findings suggested that tungstenfoam-reinforced composite could be applied to penetrators, in which the self-sharpening should be well promoted while keeping high specific gravity, sufficient strength, and plastic strain because cracks were formed at some heavily deformed tungsten foams by the shear fracture.
I. INTRODUCTION
REMARKABLE advances in amorphous alloys have been made since amorphous alloys having high amorphous forming ability were developed by conventional casting methods. [1] [2] [3] [4] [5] [6] In particular, Zr-based amorphous alloys show high amorphous forming ability as well as excellent hardness, stiffness, strength, and corrosion resistance, [2] [3] [4] [7] [8] [9] and thus these alloys have been applied to high-performance structural components. However, they have poor ductility because they are fractured readily by the formation of a few shear bands under tensile and compressive loading conditions, [10, 11] which prevents wide applications to structural components. If amorphous alloy matrix composites, in which fibers or secondary phase particles are dispersed homogeneously in the amorphous alloy matrix, can be fabricated, then the problem of poor ductility can be solved while fully using the advantages of amorphous alloys.
Fabrication processes of amorphous matrix composites reinforced with fibers or secondary phase particles include the formation of dendritic crystalline phases from the amorphous melt, [12] [13] [14] the addition of crystalline particles to the amorphous melt, [13, 15, 16] and the casting of both reinforcements and amorphous alloys. [17, 18] When fabricating cast amorphous matrix composites, it is important to control reactions of reinforcements with the amorphous melt. Thus, the development of newconcept fabrication technologies, one of which is a liquid pressing process using a low pressure near to the theoretically required minimum loading pressure, [19, 20] is essentially needed. This process might be considered as a reliable fabrication method because the crystallization of the amorphous matrix can be prevented or minimized by rapid cooling of the amorphous melt.
Recently, the enhanced ductility in a Zr-based amorphous alloy containing ductile crystalline particles was reported because more shear bands were initiated than in a monolithic amorphous alloy. [21] Most of these studies on Zr-based amorphous alloys and their composites are related to phenomena that occur under static or quasi-static loading, and the deformation behavior under dynamic loading are studied rarely. It is required to obtain information on the dynamic deformation of amorphous alloys and their composites so that it can be applied effectively to strategic fields such as defense, aerospace, precision machinery, and automotive industries. Under dynamic loading such as ballistic impact, machining, and high-speed metal forming, the resistance to deformation or fracture is generally lower than under quasi-static loading, and plastic deformation is often highly localized in a narrow region. [22] [23] [24] [25] [26] Recently, Qiao et al. [27] investigated the dynamic compressive behavior of Zr-based amorphous alloys and found that multiple shear bands were not formed sufficiently under dynamic loading condition, thereby leading to the lower maximum compressive stresses than those measured under quasi-static loading condition. Thus, studies on dynamic deformation are essential for the evaluation of alloy designing, microstructural modification, and process control in high-speed processing to improve dynamic properties, but only limited information is available. In addition, how the abrupt shear deformation caused by shear bands under quasi-static loading differs from those under dynamic loading has hardly been known.
In this study, amorphous matrix composites, whose matrix was a Zr-based amorphous alloy and reinforcements were tungsten continuous fibers or porous foams, were fabricated by the liquid pressing process. During the process, chemical reactions between tungsten reinforcements and amorphous matrix were prevented or minimized as tungsten reinforcements are thermally stable, and the thermal stress from the difference of the thermal expansion at the tungsten/matrix interface was reduced considerably. [28] Using a split Hopkinson pressure bar, the compressive deformation behavior was investigated at a strain rate of approximately 10 3 seconds À1 , and deformation mechanisms were analyzed by observing areas deformed under dynamic loading. Based on the test results, the feasibility of the liquid pressing process was verified, and mechanisms of the property improvement under dynamic loading were investigated in the amorphous matrix composites.
II. EXPERIMENTAL
An LM1 alloy (composition: Zr 41.2 Ti 13.8 Cu 12.5-Ni 10.0 Be 22.5 [at. pct]), which is a commercial brand name of the Liquidmetal Technologies (Lake Forest, CA), was used for the composite matrix. It has high amorphous-forming ability, hardness, strength, and corrosion resistance. [2, 8] Tungsten continuous fibers or porous foams with high melting temperature (3643 K [3370°C]), elastic modulus (411 GPa), strength, and thermal stability were used as reinforcements. The tungsten fibers were fabricated in Goodfellow, Inc. (Huntingdon, Cambridgeshire, UK), and their diameter is approximately 100 lm. Their ultimate tensile strength is approximately 2400 MPa, and the elongation is less than 1 pct because they are made by heavy deformation of drawing. [29, 30] Tungsten porous foams were fabricated by injection molding of tungsten powders of 5 lm in diameter in Spectra-Mat., Inc. (Watsonville, CA). Open pores are sufficiently formed inside tungsten foams so that the metal melt may be well infiltrated into the foams, and the porosity is measured to be approximately 30 vol pct. In the LM1 alloy, fine polygonal crystalline particles 2 to 3 lm in size are distributed in the amorphous matrix. [28] These particles are identified to be face-centered cubic phases (lattice parameter: 1.185 nm), [31] and their volume fraction is 1 to 2 pct. A preform of tungsten fibers or tungsten porous foams, together with LM1 alloy plates, were inserted into the mold (inner size: 60 9 60 9 6 mm), degassed, and vacuumed. Because the melting temperature of the LM1 alloy was approximately 943 K (670°C), the mold was heated to 1143 K (870°C) and held for 5 minutes to melt the LM1 alloy plates sufficiently, and then it was pressed under a pressure of approximately 10 MPa. During the pressing, the mold was water cooled so that the solidified matrix could form amorphous phases readily. For convenience, the composite specimens reinforced with tungsten fibers and porous foams are referred to as A and B, respectively.
The composite specimens were sectioned, polished, and etched in a solution of 70 mL H 2 O, 25 g CrO 3 , 20 mL HNO 3 , and 2 mL HF for the scanning electron microscope (SEM) observation. The volume fractions of tungsten fibers, tungsten porous foams, and polygonal particles present in the amorphous matrix were measured by an image analyzer. Electron back-scatter diffraction (EBSD) analysis (resolution; 0.2 lm) was conducted by a field-emission scanning electron microscope (FE-SEM; Helios Nanolab; FEI Company, Hillsboro, OR). The data were then interpreted by orientation imaging microscopy analysis software provided by TexSEM Laboratories, Inc. (Provo, UT). The overall bulk hardness was measured by a Vickers hardness tester under a 300 g load, and the microhardness of the amorphous matrix, tungsten fibers, and tungsten porous foams were measured by an ultra-micro-Vickers hardness tester under a 2 g load.
A split Hopkinson pressure bar was used for the dynamic compressive test. [32, 33] A cylindrical specimen (size: 4u 9 4 mm) situated between the incident and transmitter bars was compressed by a striker bar (diameter: 20 mm) projected at a high speed using an air pressure of 0.2 MPa, and the strain rate could be controlled by varying the compressive pressure. During the dynamic compression, the incident wave, reflective wave, and transmitted wave were detected at strain gages, respectively, and recorded at an oscilloscope. Among the recorded wave signals, the average compressive strain rate expressed as a function of time was measured from the reflected wave, whereas compressive stress expressed as a function of time was measured from the transmitted wave. Dynamic compressive stress-strain curves were obtained from these two parameters by eliminating the time term. The compressive strain rate during the test was approximately 2.0 to 3.5 9 10 3 seconds À1 . Detailed descriptions of the dynamic test are provided in references. [34, 35] After the test, the side regions, cross-sectional areas, and fracture surfaces of the deformed specimens or broken specimen pieces were examined by an SEM to observe the deformation and fracture modes. Figure 1 is a typical SEM microstructure of the amorphous matrix composite reinforced with tungsten fibers (the A specimen). Tungsten fibers are distributed homogeneously in the amorphous matrix, and their volume fraction is 65 pct. Pores or defects formed by misinfiltration or reaction products formed by tungsten/ matrix interfacial reaction are hardly found. This indicates a successful fabrication of the composites by the liquid pressing process. A few fine polygonal particles are observed in the matrix, and their fraction is measured to be approximately 2 pct, which is similar to that in the LM1 alloy. [28, 31] Relatively coarse, dark gray colored particles are also found and are identified as ZrC by the energy dispersive spectroscopy (EDS) analysis. [29] They were formed by the interaction of Zr with C of a graphite crucible during processing an LM1 master alloy in an induction melting furnace, and were not dissolved even during the liquid pressing process. [36] SEM micrographs of the amorphous matrix composite reinforced with tungsten porous foams (the B specimen) are shown in Tungsten fibers are composed of heavily elongated grains along the drawing direction, and their longitudinal directions are aligned mostly on {110} planes (Figure 3(a) ), which implies that {100} planes in the body-centered cubic crystalline grains of tungsten fibers are parallel to the longitudinal fiber direction. On the other hand, tungsten porous foams have isotropic characteristics because they are composed of equiaxed grains (Figure 3(b) ).
III. RESULTS

A. Microstructure
B. Hardness
The hardness test results are shown in Table I . The matrix hardness of the A specimen is similar to that of the B specimen within the range of 600 to 610 VHN, but the hardness of tungsten fibers in the A specimen is about one and half times higher than that of tungsten foams in the B specimen. This is because tungsten fibers were made by the severe deformation of drawing, whereas the tungsten foams were made by the powder injection molding without the deformation process. The overall hardness of the B specimen is 472 VHN, which is lower than that of the LM1 alloy or the A specimen. The overall hardness values of the A and B specimens roughly satisfy the rule of mixtures of amorphous matrix and tungsten fibers or porous foams. Figure 4 shows dynamic compressive stress-strain curves of the LM1 alloy A and B specimens, from which the yield strength, maximum compressive strength, and plastic strain are obtained as listed in Table II. The yield strength, maximum compressive strength, and plastic strain obtained from the previous data of the quasi-static compressive test [37] are also shown in Table II . In the dynamic compressive stress-strain curves, the stress decreases after the maximum stress point, which indicates that the specimen was fractured abruptly. Thus, the plastic strain was measured at the maximum strength point, and the strain after this point was neglected. The yield and maximum compressive strengths of the LM1 specimen are 2031 MPa and 2076 MPa, respectively. The plastic strain is hardly observed as the abrupt fracture occurs. The yield and maximum strengths of the A specimen are higher by 800 to 900 MPa under dynamic loading than under quasistatic loading, whereas the plastic strain is slightly higher, and the strain hardening effect in which the compressive stress increases after the yield point is working. The yield and maximum strengths of the B specimen are much higher under dynamic loading than under quasi-static loading, like in the A specimen, whereas the plastic strain is somewhat lower. Although the yield strength of the B specimen is lower than that of the A specimen, the maximum strength is higher as the stress keeps on increasing up to the strain of 23 pct. In the current dynamic compressive test, the strengths and plastic strain of the B specimen are highest among the three specimens. Figures 5(a) and (b) show the overall morphologies of the A and B specimens after the dynamic compressive test. The A specimen is compressed into 0.47 mm in thickness and is broken into several pieces as cracks initiate and propagate mainly along the fiber alignment direction ( Figure 5(a) ). The B specimen, where the shear fracture has occurred, has a smooth fracture surface ( Figure 5(b) ).
C. Dynamic Compressive Properties
Figures 6(a) through (d) are SEM micrographs of the side region and cross-sectional area of broken pieces of the A specimen. Large cracks dividing the specimen into several parts are formed inside, although they are invisible from the outside (Figure 6(a) ). In the edge region of the piece, the fibers are severely cracked, curved, and buckled. According to the high-magnification micrograph (Figure 6(b) ) of the dotted rectangular area in Figure 6 (a), the fracture surface is composed mostly of cleavage planes of tungsten fibers. Inside the fibers, cracks are observed as indicated by arrows, and some fractured amorphous matrices are exposed. Another broke piece was observed by an SEM, and its side view is shown in Figure 6 (c). Because this piece is squeezed by the compressive load, several cracks are formed long by cracking of tungsten fibers. The fibers are curved and crushed severely in many directions. The cross-sectional area of the piece (white dotted line in Figure 6 (c)) is shown in Figure 6(d) ). The fibers are heavily deformed, and longitudinal cracks in fibers are formed as indicated by arrows. Inside some fibers, several parallel cracks are developed. It is not likely that cracks are initiated at fiber/matrix interfaces or amorphous matrix.
Figures 7(a) through (c) are SEM micrographs showing the side region and cross-sectional area of a broken piece of the B specimen. The fractured surface is relatively smooth as the fracture occurs in a shear mode (Figure 7(a) ). When the white dotted region in Figure 7 (a) is magnified, vein patterns are observed as indicated by arrows, and the nearby area seems to be smeared by the shear fracture mode under the dynamic compressive load (Figure 7(b) ). This implies that the vein patterns and smeared fracture show the areas fractured at the amorphous matrix and tungsten porous foams, respectively. The cross-sectional area of the piece (white dotted line in Figure 7 (a)) is shown in Figure 7 (c). The tungsten foam and amorphous matrix are relatively homogeneously deformed as they are deformed simultaneously without forming tungsten/matrix interfacial separations or voids, but a shear band is formed roughly at the maximum shear stress direction (approximately 45 deg to the compressive loading direction) as indicated by arrows. A crack initiated from the surface propagates along this shear band but stops as the crack propagation is interrupted by the deformed network structure of tungsten foams. In the center region, there is another shear band, along which a crack propagates.
IV. DISCUSSION
In the current composite fabrication, because the hydrostatically applied pressure is higher than the theoretical pressure required for infiltration, the amorphous melt infiltrates sufficiently into the preform of tungsten fibers or tungsten porous foams. Defects such as misinfiltration or pores formed by solidification or contraction are eliminated, and other crystalline phases except polygonal particles are not found in the amorphous matrix (Figures 1 and 2(b) ). This microstructural analysis result is well matched with the results of Wang et al., [38] which showed excellent interfacial wettability in Zr-based amorphous alloy composites reinforced with tungsten fibers. It also indicates that the crystallization caused by the diffusion from tungsten to the matrix or caused by tungsten/matrix interfacial reaction did not occur during the liquid pressing process. According to the fractographic results of Figures 6(b) and 7(b) , the tungsten/matrix interfacial separation is hardly found, which implies a good tungsten/matrix interfacial bonding. This finding also tells a successful fabrication of the amorphous matrix composites by the liquid pressing process.
The LM1 alloy shows a stress-shear curve observed in brittle materials as the dynamic deformation is concentrated on a few highly localized shear bands (Figure 4) , and its plastic strain is hardly shown. [39, 40] In contrast, the A specimen reinforced with tungsten fibers shows the plastic strain of 2.6 pct because tungsten fibers show some plastic deformation such as bending and buckling. Tungsten fibers also work to withstand a considerable amount of applied loads, whereas the amorphous matrix sustains bent or bucked fibers (Figure 6(d) ). In the compressive stress-strain curve, the compressive stress increases up to 3328 MPa after the yield stress point because of the deformation of fibers and strong tungsten/matrix interfacial bonding. Inside the tungsten fibers, several longitudinal cracks are formed along the compressive loading direction (Figure 6(b) ). Most of these cracks lie on {100} cleavage planes of tungsten fibers and play a role in absorbing a considerable amount of energy applied during the dynamic compressive test. The strong tungsten/matrix bonding and the increased ductility improve the compressive strength of the A specimen over the LM1 alloy by 50 to 60 pct. Thus, fibers play an important role in improving the strength and ductility simultaneously by taking over a considerable amount of compressive loads, whereas the fibers themselves are bent and buckled. However, the plastic strain of 2.6 pct of the A specimen cannot be sufficient, which is attributed to the limitation of plastic deformation mechanisms of amorphous matrix and tungsten fibers. The improvement in plastic strain is limited when most of the fibers are cracked along the fiber longitudinal direction instead of being deformed sufficiently.
In the B specimen reinforced with tungsten porous foams, shear bands are formed along the maximum shear stress direction, and cracks propagate along shear bands to reach the final fracture (Figure 7(c) ). Tungsten foams and amorphous matrix are deformed together, without forming tungsten/matrix interfacial separations or voids. Thus, the plastic strain increases dramatically up to 20.6 pct, but the compressive yield strength decreases because of the mixing with tungsten foams, which are softer than the LM1 alloy (Figure 4) . Although the LM1 alloy does not show the yielding phenomenon, the B specimen shows the yielding at 2686 MPa because of the yielding of tungsten foams. Because tungsten foams and amorphous matrix do not show the anisotropy and tungsten/matrix interfacial bonding are excellent, the tungsten foams and matrix show the homogeneous deformation. Here, the deformation is not localized at one place but occurs homogeneously throughout tungsten foams according to the constraint of the adjacent amorphous matrix. The B specimen also shows the work hardening as the stress increases continuously after the yield stress point because of the homogeneous deformation of both tungsten foams and amorphous matrix.
To examine the initial and final stages of the dynamic compressive deformation behavior, the dynamic compressive test was conducted after a stopper was inserted between the incident and transmitter bars. The side region of a compressive specimen (rectangular bar of 4 9 4 9 4 mm) was polished, and the microstructural change was observed at the stages (1) and (2) as marked in Figure 4 by an SEM. The heights of the stopper are 3.77 mm and 3.15 mm for the stages (1) and (2), respectively. The specimen heights were measured after dynamic compressive tests, and the plastic strains calculated from the measured specimen heights were approximately 5.1 pct and 21.8 pct for the A specimen and 6.4 pct and 20.0 pct for the B specimen, respectively, which are marked by symbols in Figure 4 (Figure 8(a) ). When the black dotted rectangular area of Figure 8(a) is magnified, longitudinal cracks in fibers and shear bands in the amorphous matrix are identified clearly in Figure 8(b) . Cracks initiate at the specimen surface and propagate into the fiber interior, whereas cracks initiated at the amorphous matrix or fiber/matrix interfaces are hardly found. At the stage (2) of strain of 21.8 pct near the final fracture point, several longitudinal cracks initiated and propagated inside fibers are well developed, whereas the fibers are heavily bent or buckled (Figure 8(c) ). Some fibers are spalled off from the specimen as cracks propagate deeply into the specimen interior. Figure 8(d) shows the magnified SEM micrograph of the black dotted rectangular area of Figure 8 (c). The heavy cracking along longitudinal and transverse directions of fibers and the shear band formation and cracking in the amorphous matrix are observed. It can be expected from these test results that the A specimen is broken into several pieces by longitudinally propagated cracks when it is more compressed ( Figure 5(a) ) and that the fibers are crushed severely in many directions (Figure 6(c) ).
In the B specimen, at the stage (1) of strain of 6.4 pct where the stress increases slightly after the yield point, the deformation tends to be concentrated in the surface region (approximately 30 lm depth from the upper surface), whereas it hardly occurs below the surface region (Figure 9(a) ). In the surface region, tungsten foams and matrix are deformed together without forming tungsten/ matrix interfacial separations or voids. Figure 9(b) is the high-magnification SEM micrograph of the black dotted rectangular area of Figure 9 (a). Deformation bands are initiated at some tungsten foams, whereas shear bands are formed in the amorphous matrix, as indicated by arrows. At the stage (2) of strain of 20 pct where the maximum stress is achieved before the fracture, the heavy deformation occurs in the surface region (Figure 9(c) ). At the area where the deformation is concentrated severely, cracks are formed as some tungsten foams are broken (marked by arrows). In the center region of the compressed specimen, a long crack is formed, but the overall deformation is relatively homogeneous. When the black dotted rectangular area of Figure 9 (c) is magnified, deformation bands are formed at most of tungsten foams, whereas shear bands are formed in the amorphous matrix, which shows the homogeneous deformation (Figure 9(d) ). The deformation bands formed at tungsten foams and shear bands formed at the matrix are not connected and tend to develop in different directions. Under subsequent loading, it is expected that the center cracks or surface cracks propagate and coalesce to reach the final fracture. Thus, the fracture surface shows mostly the smoothly smeared mode by the shear fracture in the tungsten foam region, whereas vein patterns are observed in the matrix region (Figure 7(b) ).
Relatively abrupt fracture in the A specimen occurs from the absence of effective obstacles against the initiation and propagation of several longitudinal cracks formed inside fibers. In the B specimen, however, deformation bands and shear bands are formed almost simultaneously in the tungsten foams and amorphous matrix, respectively. Because the B specimen has excellent tungsten/matrix interfaces and its tungsten foams have isotropic mechanical properties, the deformation is hardly localized but takes place relatively homogeneously throughout the specimen as the applied stress can be dispersed effectively. It is interesting to note that the amorphous matrix and tungsten foams hardly show any plastic strains, but that when they are combined, the composite shows the plastic strain of 20.6 pct, which is much higher plastic strain than that of either one alone. This distinctive compressive property of the B specimen shows a synergy effect arising from the mixing of amorphous matrix and tungsten foams. The maximum compressive strength reaches 3458 MPa as the work hardening continuously occurs after the yielding. Because the B specimen has outstanding properties of high strength and ductility under dynamic loading, which have been unreported in previous studies on amorphous matrix composites, it presents new applications to structural materials requiring excellent properties. Particularly, it can be applied to penetrators, in which the selfsharpening should be well promoted while keeping high specific gravity, sufficient strength, and fracture toughness. As the deformation bands and shear bands are formed almost simultaneously in the tungsten foams and amorphous matrix, respectively, the overall deformation behavior is relatively homogeneous throughout the specimen, but cracks are formed at some heavily deformed tungsten foams by the shear fracture. This cracking can lead to the well-promoted self-sharpening and the subsequent improvement of penetration performance. In contrast, in the A specimen, the longitudinal crack initiation and propagation inside tungsten fibers result in the ready spall-off of fibers from the specimen, and thus the penetration performance might be worse than that of the B specimen. To improve the properties of the B specimen, therefore, future studies should include the selection or development of new reinforcements and matrix alloys by new alloy designing, the establishment of the liquid pressing process conditions, and the clarification of deformation mechanisms involved in volume fraction and strength of porous foams.
V. CONCLUSIONS
In the current study, the Zr-based amorphous matrix composites reinforced with tungsten fibers or tungsten porous foams were fabricated by the liquid pressing process, and their dynamic compressive properties were investigated.
1. The Zr-based amorphous matrix composites reinforced with tungsten fibers or tungsten porous foams were fabricated successfully by the liquid pressing process as the amorphous melt infiltrates sufficiently into the preform of tungsten fibers or tungsten foams. Approximately 65 to 69 vol pct of tungsten fibers or foams were distributed homogeneously in the amorphous matrix. Defects such as misinfiltration or pores were eliminated, and other crystalline phases except polygonal particles were not found in the amorphous matrix because of the excellent thermal stability of tungsten reinforcements. 2. According to the dynamic compressive test results of the tungsten-fiber-reinforced composite, tungsten fibers worked to withstand a considerable amount of applied loads, whereas the amorphous matrix sustains bent or bucked fibers, thereby leading to the maximum strength of 3328 MPa and the plastic strain of 2.6 pct. After the dynamic test, this composite was broken into several pieces by longitudinally propagated cracks, and the fibers were severely crushed in many directions. 3. Although the yielding took place at 2686 MPa in the tungsten-foam-reinforced composite, the compressive stress continued to increase according to the work hardening after the yielding, thereby leading to the maximum strength of 3458 MPa and the plastic strain of 20.6 pct. This dramatic increase in maximum strength and plastic strain was attributed to the simultaneous and homogeneous deformation at tungsten foams and amorphous matrix because tungsten foams did not show anisotropy and tungsten/matrix interfaces were excellent.
